Microbial pathogens use a number of genetic strategies to invade the host and cause infection. These common themes are found throughout microbial virulence factors. Secretion of enzymes, such as phospholipase, has been proposed as one of these themes which is used by bacteria, parasite, and pathogenic fungi. The role of extracellular phospholipase as a potential virulence factor in pathogenic fungi, including Candida albicans, Cryptococcus neoformans and Aspergillus has gained credence recently. In this address data implicating phospholipase as a virulence factor in Cryptococcus neoformans and Aspergillus fumigatus will be presented. This will be followed by a more detailed description of our molecular and biochemical approaches we used to more definitively delineate the role of phospholipase in the virulence of C. albicans. First, we purified the phospholipase B protein, the dominant phospholipase secreted by C. albicans, obtained the amino acid sequence of its N-terminus and an internal peptide fragment, and used this information to clone the gene encoding the protein using a PCR-based approach. Nucleotide sequence analysis revealed an ORF of 1818 by that predicted for a pre-protein of 605 amino acid residues. The deduced amino acid sequences of the cloned gene (PLBJ) showed 42.3%, 45%, and 47.8% overall sequence identity, with the reported sequences of phospholipase B cloned from Penicillium notatum, Saccharomyces cereaisiae, and Saccharomyces rosei, respectively. Second, using targeted gene disruption, URA blaster, we created C. albicans null mutants which failed to secrete phospholipase B. Third, we tested the ability of these isogenic strain pairs to cause lethality using a murine model of hematogenously disseminated candidiasis. Our data demonstrate that the parent phospholipase-producing strain caused more fatality in mice, while the null phospholipase-deficient strain was avirulent. Importantly, the parent and null mutants had similar growth and germination rates. These data prove that phospholipase B is essential for candidal virulence, and pave the way for studies directed at determining the mechanism/s through which phospholipase modulate candidal virulence. Understanding phospholipase as a common theme in fungal pathogenicity is critical for developing new antifungal strategies based on anti-virulence.
A. Introduction
Extracellular phospholipases have been implicated as pathogenicity factors for such organisms as Rickettsia prowazekii, Rickettsia rickettsii 1-3), Toxoplasma gondii 4,5), and Entamoeba histolytica6). In addition, there is some evidence that these enzymes are operative during infection caused by Staphylococcus aureus7). More recently, Smith et al.8) showed that Listeria monocytogenes phospholipases are an essential determinant of pathogenesis. Interestingly, Birch et al.9) presented evidence suggesting that phospholipases may be involved in pathogenesis of Aspergillus fumigatus, while other investigators implicated phospholipase in the virulence of Cryptococcus neof ormans 10, 11) The secretion of extracellular phospholipases by Candida albicans was first detected by Costa et al. 12) , and Werner13) by growing this yeast on solid media containing egg yolk and analyzing the lipid breakdown products. Extracellular phospholipase production has been reported only for C. albicans and not other species of Candida. Early evidence to correlate extracellular phospholipase production and candidal virulence comes from two studies. Pugh and Cawson14) showed that by placing yeast cells of C. albicans on a chick chorio-allantoic membrane many of the blastospores developed hyphae with phospholipase activity concentrated at the growing tip. The activity was highest where the hyphae were in contact with the host cytoplasm14). Barrett-Bee et al. 15 ) demonstrated that isolates of C. albicans with the highest phospholipase activity adhered most strongly to buccal epithelial cells and were the most pathogenic in mice. Less pathogenic isolates of C. albicans, C. parapsilosis and S. cerevisiae, were less adherent to epithelial cells, less lethal to mice, and had lower phospholipase activities.
B. Studies Correlating phospholipase
production and virulence Two strategies were followed to determine the role of phospholipase in candidal virulence: a) we compared the ability of blood isolates of C. albicans from patients and oral isolates from healthy volunteers to produce phospholipase, and b) compared the pathogenicity in vivo of clinical isolates with varying phospholipase secretion.
Twenty two isolates of C, albicans were studied (eleven blood isolates obtained from patients with disseminated candidiasis and 11 were commensal isolates recovered from the oral cavities of healthy volunteers. Marked differences among strains from both sources were observed (Table 1) . Significantly higher levels of phospholipase production were found in the blood isolates compared to the commensals (P=0.0081). In addition, the blood isolates also had significantly higher rates of germination (P=0.03), and their germ tubes were longer than commensals (P=0.016). These findings suggest that blood isolates, unlike commensals, may have enhanced expression of several virulence factors, including both germination and phospholipase production, to enable them to invade host tissues16),
To obtain further evidence of the contribution of phospholipases in candidal virulence, the virulence of two C. albicans isolates, CA30 and CA87, was compared in an infant mouse model. Strain CA87 failed to cross the bowel wall of the infant mouse after challenge and it did not cause disseminated infection while CA30 was able to cross the bowel wall and disseminated hematogenously. We examined a variety of putative virulence factors of these two strains in vitro to determine the relationship of these factors to virulence. As can be seen in Table 2 the only apparent difference in expression of virulence factors among the two strains was in the superior ability of CA30 to produce phospholipase 16). Since this strain was distinguished from CA87 by its ability to invade the bowel wall with subsequent hematogenous dissemination and tissue invasion, these data further suggest that phospholipase is involved in the invasion process of C. albicans. Next, we prospectively examined nine blood isolates for expression of virulence factors, including phospholipase and proteinase production, adherence, germination, growth rate, and ability to damage endothelial cells. Then, the mortality of mice infected with each of these isolates was determined and the predictive value of each virulence factor for mortality was determined by Cox proportional hazards analysis (Table 3) . Of the virulence factors studied, only extracellular phospholipase activity was predictive of mortality 16)
C. Cloning of Candidal phospholipases
To determine further the contribution of phospholipase secretion to the virulence of C. albicans, the use of molecular genetics for creating isogenic strain pairs of C. albicans that differ only in phospholipase secretion is critical. Once such organisms are constructed, their virulence, both in vitro and in vivo, can be compared. This approach, provides a means of obtaining most conclusive evidence regarding the contribution of extracellular phospholipase to the pathogenesis of infections caused by C. albicans. A PCR based approach was followed to clone the gene encoding extracellular phospholipase B.
A prerequisite to cloning a gene with PCR is the availability of partial sequence information about the encoded protein. To obtain this information phospholipase B secreted by C. albi cans was purified to homogeneity17). We focused our efforts on this enzyme because it appears to be * n mol/ml/min the dominant phospholipase secreted by C. albicans and isolates that secrete higher amounts of this enzyme are more pathogenic in mice.
Amino acid composition analysis of the isolated candidal phospholipase B was performed and the amino e uences of the N-terminus and an internal fragment of this enzyme was determined. Degenerate oligonucleotide primers were designed on the basis of the N-terminus and the internal fragment amino acid sequences of the protein.
Genomic DNA from C. albicans was used as the template for PCR and a 261 by fragment was generated. It was cloned into a pBluescript vector and sequenced. The deduced amino acid sequence of the protein encoded by this fragment shows 53% homology with the extracellular phospholipase B/lysophospholipase-transacylase of P. notatum and 49% homology with the secreted fuel of S. cereaisiae. We have used this fragment to probe a genomic library from C. albicans cloned into A GEM 12 phage to isolate the full-length gene. These experiments culminating in cloning and sequencing the gene (PLBI) encoding phospholipase B of C. albicans.
D. Targeted disruption of the gene (PLBI) encoding candidal phospholipase
The availability of this gene has allowed the to construction of PLB-deficient mutants by targeted gene disruption. PLBI alleles were deleted in C. albicans strain CAI4 using the URA-blaster method 18), which results in the coding region of the gene being interrupted by a hisG-URA3-hisG cassette. In this case the URA3 gene is of candidal origin. After an initial round of transformation with the disruption cassette, Ura+ prototrophs were selected. Genomic DNA was isolated, digested with Kpn I, and then analyzed by Southern blot analysis. As expected, following initial transformation with the linearized disruption cassette (pplbl:: hisG-URA3-hisG), a 7.6 kb band representing the disrupted PLBI allele (plbl::hisG-URA3-hisG), as well as a 3.6 kb band indicative of an intact, wild-type (WT) PLBI locus were detected in strain plb 1-A1, in which only one PLBI allele had been altered. Following growth on 5-fluoroorotic acid (5-FOA), the resulting plb 1-1 strain, lacking a functional URA3 gene, was again transformed with pplbl::hisG-URA3-hisG to disrupt the remaining allele. Interestingly, three bands were detected by Southern analysis on genomic DNA isolated from strain plb 1-t2. A4.7 kb band representing a plbl:: hisG fragment that was generated after selection on medium containing 5-FOA, and the expected 7.6 kb plbl::URA3 fragment were both present. However, the 3.6 kb fragment, which can only originate from digestion of an intact PLBI allele, was also detected, suggesting that this strain harbors at least three copies of PLBI. Consistent with there being at least three copies of PLBI, Northern analysis performed on total RNA showed that strain plb 1-L2 continued to express PLBI. Disruption of the third PLBI allele, strain plb 1-A3, was verified by Southern, as well as, PCR analysis on isolated genomic DNA. Southern analysis confirmed the complete deletion of PLBI since the 3.6kb band indicative of the presence of a WT allele could not be detected. PCR analysis, using a DNA oligonucleotide primer complementary to a region of the PLBI gene deleted during insertion of the hisG-URA3-hisG cassette showed that an 762 by DNA fragment could be amplified from genomic DNA isolated from WT, primary, and secondary disruptants, but not when genomic DNA isolated from plb 1-L3 was used as template. The finding that three rounds of transformation were required to completely disrupt PLBI suggests that this genetic locus may be triploidy. However, other possibilities such as gene conversion and gene duplication cannot be ruled out. A detailed chromosomal analysis should lend information on this subject. To ensure that no extraneous genotyic alterations other than the targeted deletion of PLB1 were introduced into the mutant strains during the disruption process, growth rate and the ability to germinate were examined. Although these characteristics are unable to exclude the possibility that unintentional mutations were generated, they provide some measure of assurance that the mutants behave similarly to the parent strain. We compared the growth rates and germination capabilities of our PLB-deletion mutants with that of the parental strain. The growth curves generated for each of the PLB-deficient strains were similar to the parental strain. Furthermore, the ability to germinate was also identical to the parental strain. Taken together, these results indicate that our PLB-deficient strains behave similar to the parent strain and are free of gross extraneous mutations. However, consistent with deleting PLB1, phospholipase B activity was absent in concentrated culture supernatant produced by strain plb 1-Q3, but not from supernatants produced by the parental, plb 1-01, or plb 1-02 strains when assayed by an egg yolk agar method.
F. A decrease in virulence is associated with the disruption of PLBJ
A murine model of disseminated candidiasis 19) was used to evaluate in vivo virulence of a C. albicans strain disrupted at two PLB1 loci. Survival rates for BALB/c mice infected with 5 X 105 plb 1-2 blastospores were 60% after 14 days and 30% after 30 days. This result is in contrast to a 0% survival rate after 7 and 13 days for mice infected with the same number of the parent or plb 1-01 strains, respectively. We are presently evaluating the virulence of strain plb 1-03 in this manner.
G. Conclusion
Our data comparing C. albicans phospholipaseproducing strain (wild-type) with phospholipasedeficient strains demonstrate unequivocally that extracellular phospholipase is pivotal to the virulence of this clinically important pathogen, and makes this enzyme a possible target for the development of novel antifungals. Based on our findings and those of others9-u7, we hypothesize that phospholipases may be a common theme used by pathogenic fungi to cause infection.
